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Introduction
In wireless communication system and digital broadcast systems, the on-frequency RF (Radio Frequency) repeaters are installed to clear shadowing areas existing between base stations and mobiles [1] [2] [3] [4] . However, on-frequency RF repeaters with high RF gain usually suffer from the oscillation problem caused by the unwanted feedback signal paths from the output of the RF repeater's transmit antenna to the receive antenna due to insufficient antenna separation. The so-called ICS (interference cancellation system) RF repeater synthesizes the feedback signal by estimating the feedback signal paths using an ADF (Adaptive Digital Filter) and then subtracts the unwanted feedback signal from the receive antenna signal. The ICS RF repeater can provide more antenna separation and thus can operate stably with higher RF gain than the conventional RF repeater. Various adaptive filtering algorithms have been reported to cancel the interference in ICS RF repeater [5] .
One of the most widely used adaptation algorithms in the ADF of the ICS repeater is the well-known LMS (Least Mean Square)-based algorithm [10] due to its simplicity and good tracking capabilities. However it is well-known that, in the LMS-based adaptive filters, choosing a suitable step size is crucial as the stability and the steady-state convergence error of the adaptive filter heavily depends on the step size value.
Many researches have been to control the variable step size (VSS) [6] [7] [8] [9] which, however, do not consider the multi-path fading nature of the feedback channel in developing the algorithm. In this paper, we propose a new variable step size control method for the NLMS adaptive filter in the ICS RF repeaters that operate under fading feedback multipath channel.
The proposed method aims to improve the performance of the previous VSS NLMS adaptive filters further.
In the proposed method the step size is obtained by multiplying the two step sizes obtained based on different design considerations. First, the first step size is computed based on the estimated RFR (received-to-feedback signal ratio) value. Second, the fading condition of the feedback multipath channel is monitored using the estimated feedback signal and the second step size is controlled slowly in time according to the fading condition. The faster is the fading of the feedback channel, the larger becomes the second step size in order to track the rapid change of the feedback channel.
In order to validate the proposed method, computer simulations have been conducted in MATLAB. We show that the proposed variable step size control method can adjust the step size of the ADF filter successfully so that the on-frequency repeater can track the timevarying feedback channel conditions with a good convergence error. Figure 1 shows the baseband model of the on-frequency RF repeater with feedback echo cancellation. The signal is the received signal from the base station, is the feedback interference echo signal from the transmit antenna to the receive antenna. The echo signal must be removed to assure the stability of the ICS without oscillation.
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Figure 1. ICS on-frequency RF repeater
denotes the sum of the received signal and the interference echo signal. The ADF computes the estimate of the feedback signal, ̂ , which is subtracted from the desired signal to yield the error signal ̂ . If the estimation is perfect, would be consisted of the signal from the base station only. Note that since, after a bulk of delay, the can be considered uncorrelated with the filter taps of ADF can be trained using the filter input ( ).
Normalized Least Mean Square (NLMS) Algorithm
NLMS ADF filter [10] is widely adopted due to its simple structure and tracking stability. The filter taps are updated according to: 
where is the step size of the filter, ̂ is the filter input, the desired signal, and the filter output at time respectively. It is well-known that the optimal step size depends on the power of the filter signals. Thus, instead of using a fixed step size, can be controlled every time step [6] [7] [8] [9] . Recently, in [9] , the choice of ⁄ has been proposed where is the power of the sum of received signal and the system noise, and is the power of the error signal.
Although the adoption of the variable step size in NLMS algorithms can improve the performance of the ADF for certain circumstance, as we will show shortly through computer experiments, they do not consider the fading characteristic of the feedback channel while adjusting the step size. The echo signal usually suffer from a severe Rayleigh fading as the transmitted output signal from the transmit antenna travels through many different paths to the receive antenna and the signal components of each path are added together at the receive antenna. The previous VSS NLMS algorithms only consider the power of signals in the filter, and they do not effectively handle the fading effect in the feedback channel.
The Proposed VSS NLMS ADF for on-frequency RF Repeater
Figure 2. The block diagram of the proposed VSS NLMS filter
The block diagram of the proposed VSS NLMS filter is shown in Figure 2 . The final step size is obtained by multiplying two step sizes, obtained independently as follows. That is, . is obtained as in conventional ways by considering the power of the filter signals. The VSS adjustment technique depicted in [7] has been adopted to compute which is based on the ratio of the power of the estimated received signal and the power of the estimated feedback signal. Let us define the received-tofeedback signal power ratio (RFR) at time n: ,
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Using the step size is adjusted as follows:
where ,
and
(bias).
Basically the step size varies linearly in proportion to the measured RFR(n). To guarantee the prevention of divergence of the RF repeater we assumed the RF repeater is undergoing fast fading condition initially. The limit of the maximum and the minimum value of the step size and RFR values are selected assuming this situation.
The second step size is adjusted to cope with the channel variation due to the fading. The degree of the feedback channel fading is estimated by computing the mean of the estimated variance of the feedback signal, where the filter output ̂ is used in calculation for the feedback signal.
The step size is controlled to vary linearly from 0.1 to 1.0. If the feedback channel suffers from fast fading a large step size is assigned, while if it suffer from slow fading a smaller value is assigned. The faster is the fading of the feedback channel, the larger becomes the second step size in order to track the rapid change of the feedback channel.
A procedure to adjust in a simple way is shown below which has been applied to the computer simulations conducted in this paper. Figure 3 shows the block diagram of the on-frequency RF repeater for simulation. Computer simulation was done using MATLAB. The signal from the base station is randomly generated and QPSK modulated. Sampling frequency was 1usec. Major parameters used in the simulations are listed in Table 1 . The NLMS filter has 200 taps and was realized by using fixed-point arithmetic for H/W implementation consideration. In the simulations, the transmit output signal gain was set to 80dB and the feedback path gain to -60dB. The feedback path gain amounts to the gain due to antenna separation between transmit and receive antenna. The multipath fading model of the received signal and the feedback channel is shown in Table 2 . The Doppler shift frequency of the feedback channel was set to 10Hz or 100Hz. The variable step size input to the NLMS block is computed by multiplying the two step sizes, that is, , where and are obtained as explained above. 
Computer Experiments
The performance of the previous VSS control method
For comparison purpose the performance of the previous VSS control method [7] was evaluated under varying fading channel condition. For simulations the parameters were set to . The performance is evaluated by using the following measure:
First, with 5, the SNR is computed when the Doppler shift frequency is 10Hz and 100Hz, respectively, and is shown in Figure 4 . In the figure, the solid line denoted by 'VSS' is the result from the previous VSS control method [7] and other lines are obtained by using the fixed step sizes listed in the legend, e.g., 0.01, 0.03,…, and 0.5, respectively. Figure 4(a) , obtained for Doppler shift frequency of 10Hz, shows that the choice of the fixed step size 0.05 is near optimal in this situation, however we can see that the previous VSS method cannot provide solution close to this point. (Note that the fixed step size simulations are just for performance comparison purpose, and in practical system there exist no ways to obtain the optimal step size in advance.) On the contrary, Figure 4(b) shows that the previous VSS method can give near optimal performance for Doppler shift frequency of 100Hz. 
Figure 4. Previous VSS control with : (a) SNR when Dopper shift frequency is 10Hz, (b) SNR when Dopper shift frequency is 100Hz
In order to alleviate the performance degradation depicted in Figure 4(a) , when the Dopper shift frequency is small, we can try to adjust some simulation parameters. The SNR with a choice of much smaller 5 is plotted in Figure 5 (a) and (b) for the Doppler shift frequency of 10Hz and 100Hz, respectively. In this case, however, we can observe that though the choice of a smaller improve the performance for the feedback channel with a small fading rate ( Figure 5(a) ), the performance with a large fading rate degrades severely ( Figure 5(b) ).
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Figure 5. Previous VSS control with : (a) SNR when Dopper shift frequency is 10Hz, (b) SNR when Dopper shift frequency is 100Hz
We can see that each of the parameter setup for plotting SNR in Figure 4 and 5 is suitable for one of a fast or a slow fading feedback channel condition only, and thus the previous VSS method cannot offer satisfactory results in controlling the step size against varying fading rate of the feedback channel.
The performance of the proposed VSS control method
To evaluate the effectiveness of the proposed VSS control method we have conducted additional computer simulation with the same condition except the additional step size adjustment using the second step size . The degree of the fading of the feedback is estimated by measuring the variance of the estimated feedback signal. An example of the measured variance of the feedback signal for Doppler shift frequency of 10Hz and 100Hz is shown in Figure 6 . We can observe a small variance in the estimated feedback signal for a low Doppler shift frequency, while a larger one for a higher Doppler shift frequency. By averaging these estimated variances during a predefined interval the mean of the estimated variance of the feedback signal, given by Eq. (12), is obtained and then the step size is adjusted according to the procedure as described previously in Section 3.
Computer simulations have been conducted for the proposed VSS control method with varying fading rate of the feedback channel. The resulting SNR plot, when Dopper shift frequency is 10Hz, is shown in Figure 7 (a), where we can see the step size gradually moves to the optimal value which in the previous VSS method was not attainable. In addition, the SNR plot when Dopper shift frequency is 100Hz is shown in Figure 7 (b). Also we can see the proposed VSS control method can provide near optimal step size. Finally, computer simulations have been conducted to compare the tracking capabilities of the VSS controlling methods under abrupt change of the channel condition (Figure 8 ). In this experiment we shifted the fading rate of the feedback channel abruptly from 10Hz to 100Hz near 22-th iteration step, and back to 10Hz at 43-th iteration step.
Thick solid line is the result from the proposed VSS method, while the lines with a triangle and a circle are from the fixed step size method (0.1 and 0.03, respectively), and the line with a small black dot is obtained from the previous VSS method. We can see that the previous VSS method performs well at fast fading condition only and ADF with the fixed step size performs well at slow fading condition only. However, the proposed method shows good performance for both the fading condition in spite of abrupt channel variation. This graph confirms that our proposed method is working well in various channel status. 
Conclusions
We proposed a new variable step size control method for NLMS adaptive filter in the onfrequency RF repeaters that operate under fading feedback multipath channel. In the proposed method the step size is obtained by multiplying the two step sizes. The first step size is for fast adaptation and is computed based on the estimated RFR. The second step size reflects the fading condition of the feedback multipath channel and is controlled slowly in time according to the fading condition. Computer simulations show that by adopting the proposed VSS control method the RF repeater can track the time-varying feedback channel conditions with a good convergence error while the previous VSS control methods suffer from severe performance degradation.
